Abstract -Industrial wastewater containing non-biodegradable organic pollutants consists of highly toxic effluents whose treatment is necessary due to environmental and economical restrictions. In order to treat these effluents, an electrochemical process using a dimensionally stable anode (DSA ® ) and boron-doped diamond (BDD) electrode was studied. The performance of these electrodes for COD removal from aqueous phenol solution was evaluated in the absence and presence of different chloride concentrations. The results showed that DSA ® could be successfully used to remove COD when high chloride concentration (3035 mg L -1 Cl -) and mild current density are employed (50 mA cm -2 ). On the other hand, the presence of chloride did not have the same significant effect on the COD depletion rate using BDD; however, under mild conditions (50 mA cm -2 , 0.190 m s -1 ), the addition of 607 mg L -1 Cl -improved the COD removal by approximately 52% after 8 hours of electrolysis. The effect of current density (i) and flow velocity (v) were also studied, and it was verified that they have an important role on the process performance, especially when DSA ® is used.
INTRODUCTION
The increase in the waste produced through industrial and domestic activities makes the investigation of alternative routes for the degradation and treatment of hazardous materials imperative. Biological treatment of polluted water is the most economical process and it is used for the elimination of biodegradable organic pollutants present in wastewater; however, when the wastewater contains toxic and refractory organic pollutants, other processes must be employed ( Bevilaqua et al., 2002; Azevedo et al., 2009) . One interesting possibility is to couple partial oxidation and biological treatment in order to decrease the toxicity and to increase the biodegradability of the wastewater before biological treatment (Palmas et al., 2007; Anglada et al., 2009) .
Recent research has demonstrated that anodic oxidation, often indicated as electrochemical incineration, offers an attractive alternative to traditional routes for treating wastewaters containing toxic and refractory organic pollutants, mainly because of the ease of control and the increase of efficiency provided by the use of electrochemical reactors (Comninellis and Pulgarin, 1993; Comninellis and Nerine, 1995; Comninellis et al., 2008; Scialdone et al., 2008) . The best results obtained in this area were achieved using inert electrodes such as SnO 2 -Sb, PbO 2 , and boron doped diamond (BDD). These electrodes are able to generate weakly adsorbed hydroxyl radicals (Simond et al., 1997) that guarantee good oxidation rates (Bock and MacDougall, 2000) . Despite the good results, SnO 2 -Sb has problems with deactivation and short service life (Montilla et al., 2004) and PbO 2 could contaminate the wastewater with lead. BDD has high anodic stability and a wide potential window for water discharge; however, its effective use for wastewater treatment is still limited by its high cost (Panizza et al., 2008) .
During the electrochemical process, the pollutants could be destroyed by either direct or indirect oxidation processes. In the direct anodic oxidation process, the compounds are first adsorbed on the anode surface and then destroyed by the anodic electron transfer reaction. In the indirect oxidation process, strong oxidants such as hypochlorite/ chlorine, ozone, and hydrogen peroxide are electrochemically generated and react with the organic molecules in the bulk (Rajkumar and Kim, 2006; Rajkumar et al., 2007) . Particularly, chloride has been considered for indirect oxidation since chloride salts are usually found in wastewaters (Oliveira et al., 2001 , Palmas et al., 2007 . Moreover, the role of active chlorine has been intensively investigated for dye degradation (Ruotolo et al., 2007; Panizza et al., 2007; Montanaro and Petrucci, 2009 ). However, an important drawback of electrolysis in chloride media may be the formation of chloroderivatives of the organic compound (Polcaro et al., 1999) . In such cases, an electrochemical treatment would result in an increase in toxicity of the wastewater and would difficult a further biological treatment (Bonfatti et al., 2000 , Alves et al., 2001 Rajkumar and Palanivelu, 2004) .
Despite the good results obtained using electrochemical techniques for organic degradation, mineralization of organics can be a very expensive process. The electrochemical treatment of wastewaters can be an interesting alternative to the chemical treatment for water containing toxic and nonbiodegradable compounds; however, the future development of electrochemical technology requires reducing considerably the energy consumption in order to lower the operating cost far beyond the cost of a chemical treatment. The poor current efficiency usually found with common electrode materials such as graphite or DSA ® has been the major drawback of the process, which otherwise would be convincingly simple and environmentally favorable (Pelegrino et al., 2001, Costeiro and De Andrade, 2001) .
Considering all aspects aforementioned, this study concerns the use of indirect oxidation, employing electrogenerated active chlorine to oxidize phenol. Phenol has been used as a model compound to evaluate the anode performance towards electrochemical oxidation using different electrocatalytic materials, operational conditions, and indirect methods (Iniesta et al., 2002) . Furthermore, the use of BDD and DSA for organic degradation has been reviewed by several authors (Martínez-Huitle and Ferro, 2006; Martínez-Huitle and Andrade, 2011) . Although much research on phenol electroxidation using BDD and DSA ® can be found in literature, the comparison between electrodes is very difficult due to very different hydraulic conditions used, current densities, flow velocities, etc. In this work we performed a systematic study of the main variables affecting the electrochemical oxidation in order to compare the performance of these two important commonly employed electrodes. Phenol oxidation rate was investigated and expressed in terms of COD depletion, using two different electrodes: DSA ® (Ti/Ti 0.7 Ru 0.3 O 2 ) and BDD. The purpose of adding chloride for the indirect oxidation at DSA ® was to investigate if there is any improvement in the reaction rate in order to make the electrochemical oxidation of organic compounds using this type of electrode a feasible process in terms of energy consumption and operational time. This is of great interest because Ti/Ti 0.7 Ru 0.3 O 2 is a less expensive and commercially available electrode; hence, even if a large electrode area is necessary, the electrode cost for this type of DSA ® would be low compared to the BDD electrode. On the other hand, since the major challenge of applying BDD is its high cost, the purpose of adding chloride in this case is to improve the reaction rate in order to decrease the electrode area necessary to accomplish the treatment considering the same operational time.
EXPERIMENTAL
Phenol (Aldrich) and 0.1 mol L -1 H 2 SO 4 (Mallinckrodt), used as supporting electrolyte, were employed to prepare all solutions. The phenol concentration in all experiments was 210 mg L -1 . NaCl (Synth) was used as a source of chloride ions to prepare solutions with 607 and 3035 mg L -1 Cl -. These phenol and chloride concentrations were chosen since they are typically of those found in desalting streams in oil refineries. All solutions were prepared using deionized water. A volume of 2.5 L was used in all experiments. The pH of all solutions was in the range of 0.76 -0.87 and remained within this range throughout all the experiments.
The experimental system and reactor used to carry out the experiments are shown in Fig. 1(a) and (b). The cross-sectional area of the electrochemical reactor was 5.08 cm 2 and the electrode gap was 1.27 cm. Considering the flow rates used and the hydraulic diameter of 1.93 cm, the flow regime varied from laminar (u = 0.035 m s The one compartment reactor was chosen after preliminary experiments (not shown) using a twocompartment reactor separated by a Nafion ® membrane. The comparison of phenol oxidation using one or two compartments revealed that there was no difference between the kinetics obtained in the two cases, indicating that the cathodic reaction does not interfere in the oxidation process when one compartment is used.
The procedure consisted of making the electrolyte flow through the reactor at a selected flow-rate and current density. Samples were collected during electrolysis for COD analysis using the standardized colorimetric technique (Hach, Germany). Cell voltage was also measured in order to calculate the energy consumption. The temperature was maintained around the range of 26-28 °C. All electrolyses were performed for 8 hours.
Experiments of active chlorine generation were also performed in the system and reactor shown in Figure 1 . The concentration of active chlorine was measured using the DPD (N-N-diethyl-pphenylenodiamine) method (APHA, 1998), and its concentration was expressed in terms of Cl 2 .
The Ti/Ti 0.7 Ru 0.3 O 2 DSA ® (DeNora Brazil) was chosen due to its low overpotential for the chloride evolution reaction, which is the reason of its use in the chlor-alkali industry. The BDD was purchased from Umex (Eilenburger, Germany) and consisted of a 2.0 mm niobium substrate covered by a 5 µm diamond thickness (homogeneity of +/-10%). The doping level was 4500 ppm, which gives a 20 mΩ cm ohmic resistance. Both electrodes have an active area of 28 cm 2 (4.0 cm x 7.0 cm). The energy consumption was calculated for different applied currents (I) using equation (1) and considering the decrease in COD (ΔCOD) after the electrolysis time (t) of 8 hours and the average cell voltage (ΔU).
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RESULTS AND DISCUSSION

Cyclic Voltammetry
In order to analyze the electrochemical behavior of phenol oxidation in the presence and absence of chloride, some voltammetric measurements were performed and the results are shown in Fig. 2 (a) and (b), for DSA ® and BDD electrodes, respectively. In both cases, it can be observed that chloride is oxidized in the region of oxygen evolution, even for the BDD electrode. It is remarkable that oxygen and chlorine start to be formed at the DSA ® electrode at potentials much lower than those observed for BDD; however, because such a potential is very close to that of phenol oxidation, these reactions becomes concurrent and can affect the current efficiency. The current increases proportionally to the concentration of chloride, either in the presence or absence of phenol; however, when phenol is added there is a significant current drop, especially at the BDD electrode, which could be related to polymer deposition in the early stages of phenol oxidation, as reported by many authors (e.g., Tahar and Savall, 2011) . At low potentials, phenol could be oxidized to phenoxy radicals that can react, forming oligomers and polymers. Hence, when working under galvanostatic oxidation, it is important to apply a current density high enough to avoid the potentials at which polymerization occurs. Initially some electrolyses were carried out using DSA ® in the absence of chloride; however, as expected, after 8 hours of electrolysis no appreciable COD decrease was observed, confirming that this electrode is not suitable to be used for this application since its overpotential for OER is very low. On the other hand, according to Fig. 3 , when chloride is added, there is a decrease in COD which is strongly dependent on the chloride concentration and operational variables (i and v), confirming the indirect oxidation of phenol. In all experiments using DSA ® , COD depletion was linear and the reaction rate was constant, indicating that the reaction was occurring in the bulk. Considering a zero order reaction, the kinetic constants could be estimated by applying linear regression to the data points (Fig. 3) . In all cases, the correlation coefficient (R) was greater than 0.99. The energy consumption was also calculated using Equation (1). These results are summarized in Table 1 , where it can be seen that the main variable affecting the reaction rate is the chloride ion concentration; however, the operational variables also play an important role and they should be optimized in order to achieve the best reaction rate and energy consumption. The values of the zero order rate constants were plotted in Fig. 4 in order to enable a better visualization of the effect of current density and flow velocity. As it can be verified, despite the values of flow velocity and current density, the presence of a high concentration of chloride increases the reaction rate. It is interesting to observe that, for the lower value of flow velocity, there is a k COD increase of ~ 23 mg L -1 h -1 units when the Cl -concentration changes from 607 mg L -1 to 3,035 mg L -1
, while for the high flow velocity this value was ~ 35 mg L -1 h -1 , disregarding the current density applied. This behavior suggests that there is no change in the reaction mechanisms associated with current density and flow velocity when the chloride concentration is increased. At low current density and the same Cl -concentration, an increase in the flow velocity makes the reaction rate slower, despite the improvement of mass transfer . This behavior suggests that, although the mass flux of the species to be oxidized from bulk to the surface increases, there is also an improvement of the mass flux of the partially oxidized species from the surface to the bulk. Consequently, the molecules on the surface do not have enough time to be converted to more oxidized species and the overall oxidation rate expressed in terms of COD is low. However, when a high current density is applied, this behavior changes and the increase of flow velocity makes the oxidation process faster, suggesting that there is an improvement of mass transfer of Cl -to the surface. Thus, the quantity of active chlorine increases and the reaction becomes faster (Anglada et al., 2009) . Since there is a high concentration of active chlorine being generated, the effect of mass flux discussed before becomes less important. Additionally, energy consumption is also improved when the chloride ion concentration is high. Considering the best operational conditions, i.e., 50 mA cm -2 and 0.049 m s -1 , the energy consumption decreased from 200 to 31 kWh kg -1 due to the improvement of the reaction rate and the low cell voltage resulting from the high conductivity provided by the concentrated chloride medium. Regarding the effect of current density at low flow velocity, upon increasing the current density from 50 mA cm -2 to 150 mA cm -2 there is a decrease in k COD , especially at low chloride concentration. Supposing that the process is mass controlled at low flow rates, an increase of applied current will not improve the reaction rate and the additional charge would deviate to OER, mainly at low Cl -concentration. This fact would have an impact on the current efficiency and, consequently, on the energy consumption shown in Table 1 . We believe that the k COD drop could be associated with the resistive characteristic of oxygen bubbles formed at high rate at 150 mA cm -2 , which block the electrode surface. In order to evaluate whether the active chlorine reaction rate had any influence on the COD depletion rate, experiments in which the active chlorine concentration was measured with time were performed. It is important to mention that although in these experiments phenol was not present in the solution, the same operational conditions used for phenol oxidation were maintained and the results obtained were used to evaluate the capacity of chlorine generation as a function of the chloride concentration, flow velocity and current density. The active chlorine was also measured during phenol electrolysis; however, practically no active chlorine was detected until the organic concentration becomes very low (for COD/COD 0 < 0.2). This result suggests that the active chlorine is immediately consumed or that it is being further oxidized to chlorate or perchlorate (Bergmann et al., 2009) .
The chloride electrolyses were carried out for eight hours and a linear relationship was observed between the active chlorine concentration and time; hence a zero order rate constant, 2 Cl k , was determined using linear regression. In all cases, the correlation coefficient was greater than 0.99. Observing the values of 2 Cl k from the ordinate of Figure 5 , it is possible to conclude, as expected, that when high concentrations of Cl -are present in the solution the active chlorine production is greatly improved and is highly dependent on flow rate and current density. In all cases, 2 Cl k is improved when the current density is increased. On the other hand, the effect of flow velocity is much more complex since, at low values of current density, 2 Cl k is improved when high flow velocities are used, which can be explained by the enhancement of mass transfer ; however, when 150 mA cm -2 is applied, the opposite effect of flow velocity on the reaction rate for active chlorine generation is observed. 
Oxidation Using BDD
Despite the best results obtained using the high concentration of chloride, there are some drawbacks associated with this issue. The use of high concentrations of chloride can favor the formation of toxic organo-chlorinated compounds and, secondarily, if a biological post-treatment is planned, high Cl -concentration can interfere in the osmotic equilibrium of the microorganism cells that compose the activated sludge. Thus, low concentrations of chloride would be desirable and, in the experiments using BDD, only the 607 mg L -1 concentration was considered. Figures 6 (a) and (b) show the results obtained for phenol oxidation using BDD in the absence and presence of chloride, respectively. It can be observed that phenol oxidation at the BDD electrode presents a clearly different mechanism when compared with DSA ® , since the COD reduction rates using BDD are much greater than those obtained using DSA ® . When BDD is used, the
• OH reacts directly with phenol molecules. The addition of Cl -when the BDD electrode is used leads to an increase of the COD depletion which can be attributed to the indirect oxidation mainly, due to chlorine formation in the very acid pH of the experiment (Cheng and Kelsall, 2007) . It can also be seen that the operational variables flow velocity and current density have an influence on the velocity of COD depletion, especially when chloride is present in the medium. The curve shape also changed. While for the DSA ® the COD depletion was linear, it showed an exponential shape using the BDD electrode, indicating first-order kinetics and mass transfer control. In order to facilitate the parameter analyses on the reaction rate, the experimental curves were adjusted to an exponential model using the least square method to determine the first-order rate constant, k COD . In most cases, the correlation coefficient was greater than 0.99. These results are shown in Fig. 7 .
According to Fig. 7 (a) , the reaction rate constant is fairly dependent on the operational variables when chloride is not present in the medium, except when high current density and high flow rate are used. When chloride is added, Fig. 7 (b) , the reaction rate is improved compared to the DSA ® results. Flow velocity and current efficiency have an influence on k COD only for flow velocities lower than 0.350 m s -1 . Under these conditions, a minimum k COD can be observed and the same discussion in terms of mass transfer and kinetics aforementioned for DSA ® can be considered.
Considering the values of energy consumption shown in Table 2 , it can be verified that the addition of Cl -significantly improves the energy consumption, decreasing it by almost half in most conditions. This can be attributed to the lower cell voltage resulting for this more conductive electrolyte. , it can be verified that the reaction rate for active chlorine generation at BDD is lower than that observed for the DSA ® electrode. This pattern can be explained considering the results obtained by Cañizares et al. (2009) in which it was observed that active chlorine can be further oxidized to chlorate and perchlorate by the
• OH generated at the BDD surface.
Comparison Between DSA ® and BDD Electrodes Figure 9 shows the kinetics of COD depletion considering the best results obtained using DSA ® and BDD in the absence and presence of chloride. As it can be seen, DSA ® is suitable to be used only when chloride is added and the process is highly dependent on the chloride concentration since the organic oxidation is being carried out by the active chlorine generated during the electrolysis. When low concentrations of Cl -are used, it is necessary to apply a high current density and high flow velocity in order to obtain faster kinetics; however, the use of high current densities leads to high values of energy consumption (Table 1) . Furthermore, the use of high flow rates also increases the energy consumption with the pumping operation. Therefore, the process under these conditions is not suitable to be used. On the other hand, when a high concentration of chloride is used, high current density and flow velocity are necessary in order to obtain the best COD depletion rates. Thus, the energy consumption is low and the cost of pumping will not be significant. Additionally, under these conditions, the COD depletion rates for DSA ® are very close to those observed using BDD in the absence of chloride. 
CONCLUSIONS
In this work, we attempted to show that the COD depletion rate at DSA ® and BDD electrodes can be increased by adding chloride ions. Our goals were, on the one hand, to investigate if DSA ® , a less expensive commercial stable anode, could work at low energy consumption by improving the degradation kinetics and make it feasible for effective application for wastewater treatment. On the other hand, BDD was considered in the literature to deliver the best performance for this purpose, but it is very expensive. However, upon increasing the reaction rate by the addition of chloride, the electrode area necessary for a given treatment process should decrease and the investment cost of the electrode would be acceptable. The results showed that this approach can be used successfully for DSA ® electrodes since the reaction rates were greatly improved at high chloride concentrations. On the other hand, for BDD electrodes, the increase of the reaction rate due to addition of Cl -to the electrolyte was not as strong as for DSA ® . Consequently, the reduction in the required BDD electrode area obtained by adding chloride to improve the kinetics will not have an important impact on the capital investment cost. Although the results showed that the COD depletion rate using DSA ® can be comparable to those obtained using BDD when high concentrations of Cl -are added, there are some drawbacks that should be overcome before using this electrode, e.g., whether organochlorinated compounds and chlorate and perchlorate are being produced. However, the major drawback concerning applying DSA ® or even BDD electrodes for wastewater treatment is still the high energy consumption associated with these processes. Even considering the best operational conditions at which the lowest energy consumptions were obtained, these values are still very high and need to be reduced in order to make the electrochemical technology suitable to be used in a large-scale wastewater treatment plant. In one approach to reduce the energy consumption, electrochemical technology could be used only to oxidize the nonbiodegradable aromatics, so that the resulting compounds could be sent to biological treatment.
